R L](X) 2 (R ) H, 1X, R ) t Bu, 2X and R ) NO 2 , 3X, X ) CF 3 SO 3 , ClO 4 , SbF 6 , or BArF, BArF ) [B{3,5-(CF 3 ) 2 C 6 H 3 } 4 ] -), where R L is a Schiff-base ligand containing two tridentate binding sites linked by a xylyl spacer, has been prepared and characterized, and its reaction with O 2 has been studied. The complexes were designed with the aim of reproducing structural aspects of the active site of type 3 dicopper proteins; they contain two three-coordinate copper sites and a rather flexible podand ligand backbone. The solid-state structures of 1ClO 4 , 2CF 3 SO 3 , 2ClO 4 , and 3BArF‚CH 3 CN have been established by single-crystal X-ray diffraction analysis. 1ClO 4 adopts a polymeric structure in the solid state while 2CF 3 SO 3 , 2ClO 4 , and 3BArF‚ CH 3 CN are monomeric. The complexes have been studied in solution by means of 1 H and 19 F NMR spectroscopy, which put forward the presence of dynamic processes. 2 form with respect to the Cu II 2 (µ-η 2 :η 2 -O 2 ) isomer. The reaction of 1X, X ) CF 3 SO 3 and BArF, with O 2 in acetone has been studied by stopped-flow UV-vis exhibiting an unexpected very fast reaction rate (k ) 3.82(4) × 10 3 M -1 s -1 , ∆H q ) 4.9 ± 0.5 kJ‚mol -1 , ∆S q ) −148 ± 5 J‚K -1 ‚mol -1 ), nearly 3 orders of magnitude faster than in the parent [Cu I 2 (m-XYL MeAN )] 2+ . Thermal decomposition of 1−3(O 2 ) does not result in aromatic hydroxylation. The mechanism and kinetics of O 2 binding to 1X (X ) CF 3 SO 3 and BArF) are discussed and compared with those associated with selected examples of reported models of O 2 -processing copper proteins. A synergistic role of the copper ions in O 2 binding and activation is clearly established from this analysis.
Introduction
Tyrosinase, catechol oxidase, and hemocyanin constitute prototypical cases of proteins capable of activating or transporting O 2 through a synergistic actuation of two copper ions. 1,2 Interestingly, a recent crystallographic study on tyrosinase shows a remarkably flexible dicopper binding site where the Cu‚‚‚Cu distance undergoes large changes along its catalytic cycle, in order to accommodate the bridging molecule.
3 These proteins inspired the work of many research groups, which have focused their investigation on studying dioxygen binding and/or activation by synthetic copper complexes. [4] [5] [6] [7] Establishing the fundamental mechanisms by which a dicopper site binds and/or activates O 2 has proven to be a formidable task still far from being understood. To date, most of the studies with model complexes rely on the use of mononuclear copper complexes that spontaneously self-assemble into a binuclear core upon exposure to O 2 . A different strategy based on the design of binucleating ligands has been developed in order to evaluate putative cooperative effects between the copper centers. 4 2+ structures (see Scheme 1), both of which share electronic and structural features of their metal binding sites, and we have demonstrated that the more flexible podand structure exhibits remarkably faster O 2 reactivity, arising from a synergistic actuation of the two copper ions. 9 In this work we have designed and prepared a new family of dicopper(I) complexes containing podand-type Schiff-base ligands (Scheme 2), which bear structural resemblance to previously described macrocyclic ligands, 10 and we have studied their reactivity with dioxygen. The O 2 chemistry of related macrocyclic dicopper complexes [Cu I 2 (L)]
2+
, L ) sb2m and sb3m (Scheme 1), has been previously studied, but no O 2 -adducts were detected. [10] [11] [12] [13] [14] [15] [16] [17] In an attempt to model type 3 active sites, important aspects of our design are the N 3 coordination environment of the copper ions and a rather flexible ligand scaffold. Despite including rather soft imine ligands, which tend to stabilize the cuprous oxidation state, Chem. 1998, 37, 2134-2140.
Scheme 1
the complexes prepared in this work exhibit remarkably fast O 2 binding. Spectroscopic and computational studies on the nature of the metastable oxygenated intermediates formed along this reaction demonstrate that their structure and nuclearity depend on solvent and counterions. Kinetic parameters for O 2 binding/reduction are also studied and compared with those of selected synthetic complexes that model O 2 -processing copper proteins.
Experimental Section
Caution: Perchlorate salts are all potentially explosive and should be handled with care.
Materials and Synthesis. Reagent-grade solvents were purchased from SDS. Diethyl ether and THF were distilled over Na/ benzophenone. Acetonitrile and CH 2 Cl 2 were distilled over CaH 2 , and acetone was dried over CaCl 2 . Solvents were degassed by several Ar-vacuum cycles and stored in an anaerobic glove box over molecular sieves. Unless noted otherwise, all reagents were purchased from commercial sources and used as received. Preparation and handling of air-sensitive materials were carried out under argon or N 2 atmosphere using standard Schlenk techniques or in a N 2 -filled anaerobic box ([O 2 ] < 1 ppm, [H 2 O] < 1 ppm).
5-tert-Butylbenzene-1,3-dicarbaldehyde 18 and [Cu I (CH 3 CN) 4 ]X (X ) ClO 4 , CF 3 SO 3 , and SbF 6 ) were prepared according to published procedures or slight modifications thereof. 19, 20 Ligand Synthesis. 5-Nitrobenzene-1,3-dicarbaldehyde. Benzene-1,3-dialdehyde (2.0 g, 15 mmol) was dissolved in H 2 SO 4 98% (6.5 mL) and cooled at 0°C in an ice bath. A mixture of H 2 SO 4 98% (2 mL) and HNO 3 65% (4 mL) was added dropwise to the stirred solution which was then warmed at 50°C for an hour. The crude mixture was poured onto ice which caused the formation of a precipitate which was filtered off and washed with water and diethyl ether. The resulting pale yellow solid was dried under vacuum giving 1.98 g of the desired compound (11 mmol, 73%). Anal. Synthesis of H L. A solution of N,N-dimethyldipropylenetriamine (3.6 mL, 20 mmol) in THF (40 mL) was cooled in an ice bath at 0°C, and a solution of benzene-1,3-dialdehyde (1.34 g, 10 mmols) in THF (20 mL) was added dropwise under vigorous stirring. The mixture was left to attain room temperature, and it was stirred for an additional 5 h. Then, the solvent was removed under reduced pressure, and the resultant product was dried under vacuum to obtain 3.87 g (9.3 mmol, 93%) of a yellow oil corresponding to H L. Anal. Calcd for C 24 
Oxygenation Reactions. Analysis of the ligand after oxygenation reactions at low temperature was done as exemplified for 1ClO 4 . In an anaerobic box, 1ClO 4 (96 mg, 0.13 mmol) was loaded in a Schlenk flask equipped with a stirring bar, capped with a rubber septum, and taken out of the box. Previously deoxygenated dry acetone (85 mL) was added via a cannula at room-temperature generating a clear deep orange solution. The solution was cooled down to -90°C by immersion in a liquid N 2 /methanol bath, and O 2 was then allowed into the reaction vessel via a needle connected to a dry O 2 -filled balloon, causing the solution to change from orange to deep yellow. The solution was stirred at -90°C for an hour, slowly turning to green, and then it was slowly warmed up to room temperature. Volatiles were removed under vacuum, and the remaining oily residue was treated with 6 M HCl (2 mL). The mixture was stirred for 15 min, and then it was extracted with CH 2 Cl 2 (3 × 10 mL). The combined organic fractions were dried over MgSO 4 , and the solvent was removed under vacuum to obtain a crystalline pale yellow solid, which was spectroscopically analyzed as benzene-1,3-dialdehyde (6.4 mg, 0.048 mmol, 37%).
Attempts to extract the amine residues from the aqueous phase after basic workup afforded oily residues with 1 H NMR spectra showing broad features that could not be interpreted. GC-MS analysis was also unsuccessful.
Analysis after low-temperature oxidation of 2ClO 4 . There was a 7.9 mg (44%) yield of 5-tert-butylbenzene-1,3-dicarbaldehyde. Kinetic Measurements. The kinetic measurements were performed using a Hi-Tech Scientific (presently, TgK Scientific, Salisbury, Wiltshire, U.K.) SF-43 cryogenic double-mixing stoppedflow instrument equipped with stainless steel plumbing, a 1.00 cm stainless steel mixing cell with sapphire windows, and an anaerobic gas-flushing kit. The instrument was connected to an IBM computer with IS-2 Rapid Kinetics Software by Hi-Tech Scientific (presently TgK Scientific). The mixing cell was maintained to ( 0.1 K, and the mixing time was 2-3 ms. The source of light was either a visible lamp combined with a monochromator (low-intensity light irradiation of the sample) or a xenon lamp combined with a diode array rapid scanning unit (strong UV-vis irradiation of the sample). All manipulations with the copper complexes and their solutions were done using an argon atmosphere glovebox, gas-tight syringes, and the anaerobic stopped-flow instrument to avoid contamination with air. Saturated solutions of O 2 in acetone were prepared by bubbling the dry O 2 gas for 10 min in a septum-closed gas-tight syringes with the solvent at a constant temperature (25°C). The solubility of O 2 was accepted to be 8.0 mM in acetone at 25°C. Solutions with lower O 2 concentrations were prepared by dilution of a saturated solution of oxygen with the corresponding amount of solvent containing no dissolved oxygen in gastight syringes. The solutions of dicopper(I) complex and O 2 were cooled to a preset temperature in the stopped-flow instrument before mixing. The concentrations of the reactants were corrected for the 1:1 mixing ratio.
For all the kinetic experiments, dioxygen was always taken in large excess so that its concentration did not change significantly during the reaction with the dicopper(I) complex.
For the oxygenation reactions in acetone, the kinetic traces obtained under the pseudo-first-order conditions over 3-5 halflives were fitted globally with Specfit32 software (Bio-Logic, Claix, France) or at single wavelengths with IS-2 Rapid Scanning Kinetic Software to eq 1. The values of k (M -1 s -1 ) were determined at different temperatures and fitted to the Eyring equation, eq 4, to obtain the activation parameters ∆H q and ∆S q . See more discussion elsewhere in the paper about determination of the activation parameters.
Physical Methods. IR spectra were taken in a Mattson-Galaxy Satellite FT-IR spectrophotometer using a MKII Golden Gate single reflection ATR system. UV-vis spectroscopy was performed on a Cary 50 Scan (Varian) UV-vis spectrophotometer with 1 cm quartz cells or with an immersion probe of 5 mm path length. Cyclic voltammetric (CV) experiments were performed in an IJ-Cambria IH-660 potentiostat using a three electrode cell. Glassy carbon disk electrodes (3 mm diameter) from BAS were used as working electrode, platinum wire was used as auxiliary, and SSCE was used as the reference electrode (all the potentials given in this work are always with regard to this reference electrode). Unless explicitly
Fast O 2 Binding at Dicopper Complexes mentioned, all cyclic voltammograms presented in this work were recorded at 100 mV/s scan rate under nitrogen atmosphere. The complexes were dissolved in previously degassed solvents containing the necessary amount of n-Bu 4 NPF 6 (TBAH) as supporting electrolyte to yield a 0.1 M ionic strength solution. All E 1/2 values reported in this work were estimated from cyclic voltammetric experiments as the average of the oxidative and reductive peak potentials (E pa + E pc )/2. NMR spectra were taken on Bruker DPX200, Bruker DPX250, Bruker DPX360, and Bruker DRX500 spectrometers. One-and two-dimensional NMR experiments were recorded using standard conditions. All 2D NOESY experiments were collected using a mixing time of 500 ms. Variable temperature (VT) NMR experiments were recorded when necessary to identify NOEs and chemical exchange cross-peaks. 1 H NMR spectra were referenced to the residual solvents peaks or TMS (tetramethylsilane). 19 F NMR spectra were referenced to CCl 3 F. Elemental analyses were performed using a CHNS-O EA-1108 elemental analyzer from Fisons. The ESI-MS experiments were performed on a Navigator LC/MS chromatograph from Thermo Quest Finnigan, using methanol or acetonitrile as a mobile phase.
Resonance Raman spectra were collected on an Acton AM-506 spectrometer (1200 groove grating) using a Kaiser Optical holographic super-notch filter with a Princeton Instruments liquid-N 2 -cooled (LN-1100PB) CCD detector with a 4 cm -1 spectral resolution. The 407 cm -1 laser excitation line was obtained with a Spectra Physics BeamLok 2060-KR-V krypton ion laser. The Raman frequencies were referenced to indene. The spectra were obtained from samples prepared in a glovebox, that after exposition to pure O 2 were frozen at 77 K using a gold-plated copper cold finger in thermal contact with a Dewar containing liquid N 2 . The power recorded at the laser for each sample was 120 mW. No photobleaching was observed upon repeated scans. Curve fits (Gaussian functions) and baseline corrections (polynomial fits) were carried out using Grams/32 Spectral Notebase Version 4.04 (Galactic).
Crystal Data Collection, Structure Solution, and Refinement Details for Compounds 1ClO 4 and 2CF 3 SO 3 . Crystal structure determination for 1ClO 4 was carried out using a Siemens P4 diffractometer equipped with a SMART-CCD-1000 area detector, a MACScience Co rotating anode with Mo K radiation, a graphite monochromator, and a Siemens low-temperature device LT2 (T ) -120°C). Full-sphere data collection using ω and scans was performed. The programs that were used follow: data collection Smart V. 5.060 (BrukerAXS 1999), data reduction Saint + Version 6.02 (Bruker AXS 1999), and absorption correction SADABS (Bruker AXS 1999). Crystal structure solution was achieved using direct methods as implemented in SHELXTL Version 5.10 (Sheldrick, Universtität Göttingen (Germany), 1998) and visualized using XP program. Crystals of 2CF 3 SO 3 were mounted on a nylon loop and used for low temperature (100(2) K) X-ray structure determination. The measurements were carried out on a Bruker Smart Apex CCD diffractometer using graphite-monochromated Mo KR radiation (λ ) 0.71073 Å). The measurements were made in the range 2.03-28.36°for θ. Full-sphere data collection was carried out with ω and scans. For 2CF 3 SO 3 , a total of 59908 reflections were collected of which 9604 [R(int) ) 0.0472] were unique. The programs that were used follow: data collection Smart version 5.625 (Bruker AXS 1997-01); data reduction Saint + version 6.36A (Bruker AXS 2001); absorption correction SADABS version 2.05 (Bruker AXS 2001). Crystal structure solution was achieved using direct methods as implemented in SHELXTL Version 6.12 (Bruker AXS 2001) and visualized using XP program. The structure was solved by direct methods and refined by full-matrix least-squares methods on F 2 . Non-hydrogen atoms were refined anisotropically. The hydrogen atoms were placed in geometrically optimized positions and forced to ride on the atoms to which they are attached, except those attached to nitrogen, which were placed from the electron density difference map. Table 1 summarizes the crystallographic refinement parameters for complexes 1ClO 4 and 2CF 3 SO 3 , and selected bond lengths (Å) and angles (deg) are collected in Table 2 .
Crystallographic refinement parameters for 2ClO 4 and 3BArF‚ CH 3 CN, and a list of selected bond lengths (Å) and angles (deg), are collected as Supporting Information.
Computational Details. All geometry optimizations have been performed at the B3LYP level, [21] [22] [23] using the standard 6-31G* basis set 24 with the Gaussian03 package. 25 The geometry optimizations were performed without symmetry constraints, and the nature of extrema was checked by analytical frequency calculations. The energies discussed throughout the text include ZPE corrections.
Results and Discussion
Ligand and Complex Synthesis. Hexaaza podand ligands R L, R ) H, t Bu, and NO 2 (Scheme 2), were chosen as dinucleating ligand scaffolds because they possess two potential metal binding sites, each of which consist of three N atoms that constitute the most common coordination environment for protein copper sites involved in O 2 binding and activation.
2 In addition, this family of ligands is structurally related to the macrocyclic ligand sb3m, previously described by Martell et al. (Scheme 1), 10,16 albeit lacking the structural constraints imposed by the macrocyclic frame. Electron donating ( t Bu) and withdrawing groups (NO 2 ) were introduced in the aromatic ring with the aim of fine-tuning the basicity properties of the imine N atoms and affecting the electronic properties of the copper ions. R L, R ) H, t Bu, or NO 2 , were prepared by condensation of a benzene-1,3-dialdehyde with the corresponding dialkyl capped triamine (Scheme 2). The 1 H NMR spectra of the ligands exhibit complicated patterns that could be best understood on the basis of the nucleophilic attack of the amine group over the imine, as already described in related hexaazamacrocyclic ligands. 12 Reaction 3BArF) were obtained by reaction of the corresponding perchlorate complexes with 2 equiv of NaBArF in CH 2 Cl 2 and isolated by the addition of pentane. The compounds were further purified by recrystallization from slow diethyl ether diffusion over acetonitrile solutions of the complexes. The Cu I ions in these complexes (even those isolated from acetonitrile) are three-coordinated in the solid state, as ascertained by combustion analysis, 1 H NMR, and, with the single exception of 3BArF‚CH 3 CN, X-ray crystallography (vide infra). Orange X-ray quality crystals could be obtained for 1ClO 4 , 2ClO 4 , 2CF 3 SO 3 , and 3BArF‚ CH 3 CN. Crystals of 3BArF‚CH 3 CN were of marginal quality, and they allowed us to obtain reliable connectivity and identity information but not accurate metrical parameters.
Solid-State Structures. Experimental details of the crystal structure determination of complexes 1ClO 4 and 2CF 3 SO 3 are collected in Table 1 , and a list of selected bond distances and angles can be found in Table 2 . ORTEP diagrams of the cationic parts of 1ClO 4 and 2CF 3 SO 3 are shown in Figure 1 . Experimental details, a list of selected bond distances and angles, and ORTEP diagrams for the cationic parts of 2ClO 4 and 3BArF‚CH 3 CN are provided as Supporting Information.
The crystallographic unit in 1ClO 4 is composed of a binuclear copper complex, two perchlorate anions, and two acetonitrile molecules (Figure 1) . Each ligand unit is ligated to four different copper ions, one for each of the two imine groups and the other two chelated by the two amine groups of each ligand arm. Each of the two triamine ligand arms runs along a triamine arm from a second molecule, with two copper atoms bound between them. Each copper ion is threecoordinated, i.e., bound to two amine N atoms from a ligand unit and a third imine N atom from a second ligand molecule. This results in a polymeric chain structure shown in Figure  1 . The structure is completed with two perchlorate counterions and two noninteracting acetonitrile molecules. The coordination environment of each copper ion is distorted trigonal planar, but the N-Cu-N angles suffer severe 
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distortions from the theoretical 120°; thus, the six-membered chelate ring imposes a rather acute ∼100°for the N ter -Cu-N sec angle, and the N im -Cu-N sec angle appears to open up to ∼150°, likely reflecting structural strains arising from the relative spatial arrangement of two different ligand units. The average Cu-N imine distance is 1.922 Å and it is significantly shorter than the Cu-N ter (tertiary amines, 2.129 Å) and Cu-N sec (secondary amines, 1.987 Å) values. All of them are within the range of distances described in the literature for related complexes. 9,10,26-35 2ClO 4 , 2CF 3 SO 3 , and 3BArF‚CH 3 CN present a monomeric structure, and the main structural characteristics of the coordination environment of the copper ion in 2ClO 4 and 2CF 3 SO 3 are similar. The solid-state structures of 2ClO 4 and 2CF 3 SO 3 consist of a cationic binuclear copper complex, where one of the Cu ions is bound to a perchlorate/triflate anion, and a second noninteracting counterion balances the charge. Because of the similarity between the structures of 2ClO 4 and 2CF 3 SO 3 , only the latter will be discussed, and details of the crystallographic analysis of the former are reported in the Supporting Information. The coordination geometry of the three coordinated copper atom is between T-shape and distorted trigonal planar (Figure 1) , with two acute N-Cu-N angles (99.11(6)-103.16(6)°) for the sixmembered chelate rings, which in turn also causes the opening of the third N-Cu-N angle (153.37(6)-155.58-(6)°). Each of the six-membered chelate rings adopts chairlike conformations. The N 3 Cu unit corresponding to the second copper ion shares similar metrical parameters, but its coordination environment is now completed by an O atom from a triflate anion at a relatively long distance (2.3526-(16) Å), with the Cu-O vector being nearly perpendicular to the nearly coplanar N 3 Cu unit (N(2)Cu(2)O(1) angle is 95.36(6)°). The three Cu-N distances of both copper ions also parallel those exhibited by 1ClO 4 ; the shortest Cu-N distance corresponds to the imine N atom (1.9284(15)-1.9483(16) Å), and the longest is observed for the Cu-N sec bond (2.1261(16)-2.1224(16) Å). Overall, the relative order in the Cu-N distances could be understood on the basis of the higher preference of the soft Cu I ion for the soft imine group rather than for the hard amine. Finally, the leastsquares fitted planes defined by the two N 3 Cu units are nearly perpendicular (79.52°). The crystal structure of 3BArF‚ CH 3 CN, shown as Supporting Information, contains a dinuclear copper complex, and two BArF counterions balance the charge. One of the copper ions is three-coordinate, and its coordination geometry resembles the one described for 2X (X ) ClO 4 and CF 3 SO 3 ). On the other hand, the second copper ion is tetracoordinate; three coordination positions are occupied by the three N atoms of the ligand, and the fourth site of the distorted tetrahedron is filled with an acetonitrile molecule. Nevertheless, the acetonitrile molecule is readily lost upon drying under vacuum, as evidenced by 1 H NMR and combustion analysis. The poor quality of the crystals precludes discussion of the metric parameters.
Comparison between the solid-state structures of 2X (X ) ClO 4 , CF 3 SO 3 ) and macrocyclic [Cu the podand analogue. The Cu‚‚‚Cu distance is also significantly different, ∼5.1 Å for 2X (X ) ClO 4 , CF 3 SO 3 ), but up to 7.7 Å for the macrocycle. Interestingly, the Cu‚‚‚Cu distance in 3BArF‚CH 3 CN is even larger (∼8.4 Å).
Solution Structure: NMR Spectroscopy. The structure of the complexes in solution was studied by NMR spectroscopy. Despite the different solid-state structures ascertained by crystallography, 1X-3X (X ) CF 3 SO 3 , ClO 4 , SbF 6 , and BArF) complexes exhibit similar 1 H NMR spectra, suggesting that analogous species are present in solution. The somewhat different solid-state structures exhibited by these dynamic complexes (vide infra) are therefore most likely due to packing effects on the solid state that displace the equilibrium toward a thermodynamically preferred solid-state structure. Owing to the similarity of the spectra, only 1X (X ) ClO 4 , SbF 6 , CF 3 SO 3 , BArF) was studied in detail. The room temperature 1 H NMR spectrum of 1ClO 4 in CD 3 CN is characterized by broad signals that sharpen upon lowering the temperature, suggesting a fluxional behavior ( Figure S1 ). Such dynamic behavior has been previously documented in related macrocyclic complexes and may be ascribed to the low charge and the lack of crystal field stabilization energy for the d 10 Cu I ion, which give rise to relatively weak Cu-N bonds.
10,34
The aromatic region of the spectrum contains two sets of signals A:B in a 5:1 relative ratio, and magnetization transfer experiments indicate that both species undergo an exchange process that is practically frozen at -40°C. Pulse gradient spin-echo (PGSE) measurements of 1ClO 4 in CD 3 CN at 292 K afford the same diffusion coefficient value (k ) -8.57
× 10 -10 m 2 /s) for both species. This strongly suggests that the structures of the two components of 1ClO 4 in solution are monomeric in nature and that the polymeric structure determined by X-ray crystallography is not retained in solution. Two-dimensional 1 H-1 H and 1 H-13 C COSY correlations have allowed a full assignment of the spectra, and further insights into the structures of the two species in solution could be gained by NOESY correlations (Scheme S1, Figures S2-S6 ). On the basis of these experiments, the major species is assigned to the bis-imine form A (Figure  2) , which matches the X-ray determined structure of 2ClO 4 , provided dynamic processes allow symmetry equivalence between the two binding domains on the time scale of the 1 H NMR experiment. Acetonitrile binding to the Cu ions may also be possible, as observed in the crystal structure of 3BArF, but its binding could not be definitively established by NMR.
On the other hand, elucidation of the structure for the minor species B (Figure 2) is based in the lack of symmetry between the two binding sites. The presence of a negative exchange (EXSY) cross-peak in the corresponding NOESY spectrum at 298 K between the imine proton of the major conformation A (8.41 ppm) and a methine CH proton belonging to the minor conformation B (3.98 ppm) confirms the slow equilibrium in the NMR time-scale existing between A and B forms (Figure 2 ). This equilibrium is also evidenced for all strong EXSY cross-peaks observed between all signals of the major and the minor conformations at 298 K but that practically disappear at 240 K. The structure characterization of the minor conformation B that involves the presence of a 1,3-diaminecyclohexyl ring was also performed thanks to two-dimensional NMR techniques at different temperatures ( Figures S3-S6) . Full spectral assignment is summarized in Scheme S1. Again, acetonitrile binding to the Cu ion is possible, but could not be definitively proven.
Despite the existence of the described equilibrium between A and B in CD 3 CN, this process has not been observed in other solvents. The use of CD 2 Cl 2 or D 6 -acetone gives rise to simpler 1 H NMR spectra with only one set of signals in the aromatic region indicative of only one type of species corresponding to A, where the two binding sites are symmetrically related on the NMR time scale (Figures S7-S8) . A possible explanation for the solvent dependent spectra is the different coordination properties of the three solvents. Acetonitrile is the most coordinating solvent, and it can easily interact with the metal center causing an elongation of the Cu-N distances and thus allowing the isomerization of the ligand and the formation of the B isomer. On the other hand, acetone and dichloromethane do not interact as strongly with the copper(I) center, so the amine ligands remain more tightly bound and they are prevented from attacking the imine. VT (variable temperature) spectra of 1CF 3 SO 3 in CD 2 Cl 2 and D 6 -acetone reveal partial resolution of the initially broad features of the spectra, but the signals do not completely resolve even at 213 K. These observations again suggest a fluxional behavior of the complexes in solution. PGSE measurements of 1CF 3 SO 3 afford diffusion coefficient values (-6.0 × 10 -10 m 2 /s in D 6 -acetone at 240 K) consistent with a monomeric nature of the species in solution ( Figure S9) .
Finally,
19
F NMR spectra referenced to CCl 3 F of 1CF 3 SO 3 in CD 2 Cl 2 and D 6 -acetone ( Figure S10 ) at 298 K exhibit a relatively broad (∆δ 1/2 ) 562 and 435 Hz, respectively) single resonance at δ ) -78.0 and -78.2 ppm, respectively, that downshifts (δ ) -79.3 and -79.2 ppm) and significantly sharpens (∆δ 1/2 ) 312 and 187 Hz, respectively) at 213 K. We conclude that the CF 3 SO 3 group is engaged in some type of dynamic process, faster than the 19 F NMR time scale. On the basis of the crystallographic analysis, we suggest that this process involves fast and reversible binding of the weakly coordinating triflate group to a copper center, combined with fluxional motions of the complex, as evidenced by 1 H NMR spectroscopy.
UV-Vis Spectroscopy and Cyclic Voltammetry. Solutions of 1-3X complexes in CH 2 Cl 2 exhibit orange colors arising from intense bands in their UV-vis spectra at about 430 nm ( ∼ 3000 M -1 cm -1 ) ( Figure S11, Table 3 ). On the basis of their high extinction coefficients and the d 10 electronic configuration of the Cu I ion, these bands can be interpreted as copper-to-imine charge-transfer transitions. In support of this assignment, the [Cu I 2 (m-XYL MeAN )] 2+ complex, where the imine group has been reduced, is colorless. The UV-vis spectra of 1ClO 4 and 2ClO 4 are quite similar, but their extinction coefficients are lower than those of 3ClO 4 which can be attributed to the effect of the NO 2 group as was already pointed out for related Cu I complexes described by Karlin et al. 36 Cyclic voltammetry of 1-3SbF 6 in CH 2 Cl 2 is characterized by electrochemically irreversible waves ( Figure S12 , Table  3 ). Such an electrochemical behavior is difficult to interpret and hinders a comparison between the electronic properties of the complexes.
FT-IR Spectroscopy of the CO Bound Adducts. FT-IR analyses of the Cu I -CO adducts generated in situ by CO bubbling through CH 2 Cl 2 solutions of the complexes show a ν(CO) of 2085 cm -1 for 1 and 2 and 2089 cm -1 for 3 (Table 3) , which indicates that the tert-butyl group does not significantly improve the electron donating character in comparison with H. We conclude that the electronic properties of the Cu I centers are only slightly modulated by the substituent in the aromatic ring of the ligand through the imine group conjugated to the arene moiety. It is also interesting to compare the values obtained for the CO adducts of 1-3 with the one described for [Cu I 2 (m-XYL (2085 cm -1 ).
9 Surprisingly, the coincident CO stretching frequency suggests that the imine and the benzylic NMe group convey analogous electronic properties with respect to the copper ions.
O 2 Reactivity. Orange dicopper(I) complexes 1X, 2X, and 3X, (X ) ClO 4 , CF 3 SO 3 , SbF 6 , and BArF) are very reactive toward O 2 both in the solid state and in solution, rapidly turning green at room temperature upon exposure to air. When acetone, CH 2 Cl 2 , or THF solutions of the complexes are exposed to O 2 at cryogenic temperatures (-90°C), new yellow metastable species 1(O 2 )X, 2(O 2 )X, and 3(O 2 )X develop. These species have common features in their UVvis spectra characterized by two intense bands near 300 and 400 nm (Table S7) . For the specific case of 1BArF in THF, the resulting metastable species 1(O 2 )BArF is characterized ] 2+ (as ascertained by DFT methods) recently described by us. 9 It is well-established that Cu III 2 (µ-O) 2 cores tend to be close in energy to their Cu II 2 (µ-η 2 :η 2 -O 2 ) isomer form, and that interconversion between the two isomeric forms is fast because of a small energy barrier. 37, 38 Nevertheless, no evidence for the presence of the Cu II 2 (µ-O 2 ) isomer form was observed by UV-vis spectroscopy, irrespective of complex 1X-3X, solvent (CH 2 Cl 2 , acetone, THF), or counterion (CF 3 SO 3 , SbF 6 , ClO 4 , BArF) employed, thus indicating that for the present system the Cu II 2 (µ-O 2 ) isomer is significantly higher in energy (vide infra). Small but significant differences in the λ max and extinction coefficients were observed depending on counterion, ligand, and solvent, suggesting that although the Cu III 2 (µ-O) 2 core is present in all the cases, the complete structure and stability may be somewhat dependent on solvent and/or counterion. This aspect was further clarified by resonance Raman spectroscopy (vide infra).
Bis-oxo species 1(O 2 )X, 2(O 2 )X, and 3(O 2 )X are highly unstable, and rapid decay is observed even at -90°C, precluding further characterization except by resonance Raman spectroscopy in liquid-N 2 -frozen solutions. Their decay was dependent on the counterion, with the oxygenated complexes for X ) BArF found to be somewhat more stable than those for X ) CF 3 SO 3 .
Resonance Raman Characterization of the O 2 Adducts. Resonance Raman characterization of 1(O 2 )X, 2(O 2 )X, and 3(O 2 )X, X ) BArF and CF 3 SO 3 , was performed on liquid-N 2 -frozen samples. These complexes were chosen on the basis of the different coordinating abilities of CF 3 SO 3 and BArF counterions. While there are several examples in Cu/ O 2 chemistry where CF 3 SO 3 anions coordinate to Cu III 2 (µ-O) 2 cores, 39, 40 BArF anions are well-established as noncoordinating anions, even in the presence of highly electrophilic metal centers. 41 Resonance Raman analysis of 1(O 2 )X, 2-(O 2 )X, and 3(O 2 )X substantiates their assignments as Cu III 2 -(µ-O) 2 species 42, 43 but also provides evidence for an unexpected complexity in the structures of the oxygenated products that depend on the solvent and counterion employed (Scheme 3). Resonance Raman spectra of frozen dichloromethane solutions of 1(O 2 )CF 3 SO 3 -3(O 2 )CF 3 SO 3 with λ ) 407 nm laser excitation exhibit a single resonance ) were observed. Unlike in the case of 1-(O 2 )CF 3 SO 3 -3(O 2 )CF 3 SO 3 , the energies of these features were slightly dependent on the complex employed (Table 4 and Figures 4 and 5) . There was no evidence for the ν ) 613 cm -1 peak observed in 1(O 2 )CF 3 SO 3 -3(O 2 )CF 3 SO 3 in the spectra of the BArF derivatives, indicating that the counterion influences the structure of the bis-oxo core. The relative intensities of the two peaks observed in the BArF derivatives depended on the complex concentration, with the lower energy features gaining in intensity upon dilution of the starting dicopper(I) complex at the expense of the higher energy peak ( Figure 5 ). We interpret this behavior as the result of a competition between intramolecular and intermolecular O 2 binding. Analogous competitive reactions in other xylyl-linked dicopper complexes have been observed by Karlin et al. and Tolman et al. 44, 45 Interestingly, when 1BArF-3BArF were oxygenated in acetone, only a feature at 600-602 cm -1 was observed in the spectra ( Figure S13 ), indicating that only one product is formed in this solvent, which is assigned to the product resulting from intramolecular binding. This observation suggests that the acetone solvent has a similar effect as the triflate anion in CH 2 Cl 2 , promoting the intramolecular binding of dioxygen to the dicopper complex.
The vibrational properties in CH 2 Cl 2 of the BArF containing complexes differ from those associated with 1(O 2 )- 2+ are characterized by a nearly planar Cu 2 O 2 core, with Cu ions adopting a distorted square-planar coordination geometry. Selected average distances are Cu-N, 1.966 Å; Cu-O, 1.792 Å; O‚‚‚O, 2.287 Å; and Cu‚‚‚Cu, 2.754 Å; these are values that are within the range of those described for crystallographically characterized related species 38, 39, [47] [48] [49] [50] and are especially similar to the compact bis-oxo cores described by Stack et al. for copper complexes containing alkylated diamines. Not unexpectedly, the imine N atoms are not coordinated, being placed at ∼4.8 Å from the Cu in a nearly apical position.
The The intermolecular interaction between two 1 molecules was simplified due to computational cost by replacing the phenyl ring by a H atom. The computed value of 645 cm -1 shows an increase of 7 cm -1 for the intermolecular complex, which is consistent with the experimental observations, thus reinforcing the hypothesis that the observed higher frequency vibration corresponds to species where O 2 binding occurs intermolecularly.
Kinetic Studies on O 2 Binding. Kinetic studies on the oxygenation of 1BArF and 1CF 3 SO 3 in acetone were performed under pseudo-first-order conditions (large excess of dioxygen with respect to dicopper complex) over the temperature range from -80 to -20°C by stopped-flow spectroscopy. The oxygenation rates of 1CF 3 SO 3 were essentially the same as the oxygenation rates of the 1BArF complex, so no obvious effect of the anion was observed, and therefore, detailed stopped-flow studies were not performed with 1CF 3 SO 3 . Examples of the oxygenation kinetics data are included as Supporting Information. The oxygenation of 1BArF in acetone proceeds with rapid accumulation of the bis-µ-oxo species 1(O 2 )BArF (over ca. 200 ms at -40°C ) immediately followed by its decomposition. Reproducible kinetic parameters could be obtained for this biphasic reaction. The oxygenation of 1BArF proceeded as essentially 1-exponential reactions on the stopped-flow time scale, as the decomposition of 1(O 2 )BArF was much slower than oxygen binding to 1BArF.
The observed pseudo-first-order rate constants for 1(O 2 )-BArF formation were independent of the concentration of 1BArF but increased linearly with dioxygen concentration (Figures S21-S22) . Consequently, the oxygenation of complex 1BArF is a second-order process (first-order in dicopper complex and first-order in O 2 ):
On the basis of previously described kinetic analyses on the oxygenation of copper complexes, 4,52 and given the rather a Distances in Å, angles in deg. Atom labels are given in Figure 6 . a Distances in Å, angles in deg. Atom labels are given in Figure 6 .
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flexible structure of the initial dicopper complex 1BArF, which makes concerted O 2 binding to the two Cu I sites unlikely, a minimum fundamental scheme for the formation of 1(O 2 )BArF would be In this scheme, a mixed valence Cu I Cu II-superoxide species appears as a first elementary step, although no evidence for such species has yet been obtained neither by UV-vis spectroscopy nor from kinetic analysis. Activation parameters of the oxygenation reactions were determined from a linear Eyring plot ( Figure S15 , Table S3 ). A small activation enthalpy (∆H q ) 4.9 ( 0.5 kJ‚mol -species in a leftlying pre-equilibrium process, followed by intramolecular collapse into the final dinuclear 1(O 2 )BArF structure. Activation parameters may then result from a combination of three reactions (k obs ) k 1 k -1 -1 k 2 ). Under this scenario, k 2 could overcome an unfavorable pre-equilibrium process (k 1 / k -1 ). O 2 binding in this scheme will not only be determined by the particular affinity of a Cu I center to undergo 1e -oxidation by O 2 (either via an inner or outer sphere mechanism) but also by the ability of the two Cu I ions to act synergistically, that is, to be able to attain the right Cu‚‚‚Cu distance and relative orientation in order to promote O 2 binding. The latter scenario finds support in basic thermodynamic considerations of O 2 reduction. While 1e -reduction to the superoxide level by a transition metal ion is usually an energetically uphill process, 2e -reduction tends to be favorable. 54 Discerning between the two mechanistic scenarios may be complicated. We have recently demonstrated that dicopper complexes having nearly analogous structural and electronic properties as 1BArF exhibit dramatic differences in their reactivity toward O 2 , which could be explained on the basis of the relative ability of the different dicopper complexes to place the two metal ions in close proximity, so that synergistic O 2 binding occurs. 9 Structural similarity between [Cu I 2 (m-XYL MeAN )] 2+ and 1BArF suggests that the same mechanistic scheme applies.
In addition, comparison with the kinetic parameters determined for the oxygenation of several xylyl-linked dicopper complexes (Table 7 ) reveals several interesting points that further strengthen the previous discussion: the low activation enthalpy and the large activation entropy associated to 1BArF oxygenation are very similar to those of the XYL-H system described by Karlin. 55 The related bisbenzimidazole system reported by Casella (MeL66) 56 and the xylyl bridged triazacyclononane complex (m-XYL ipr4 ) described by Tolman 45 are characterized by a larger activation enthalpy and a less negative activation entropy. For the former, the larger activation barrier has been proposed to arise from the slow conformational rearrangement of the bulky N-methyl-benzimidazole, and also from the loss of favorable aromatic ring stacking interactions occurring in the Cu I 2 complex upon O 2 binding. 56 For the latter, activation parameters probably reflect that O 2 binding requires ligand (nitrile) dissociation. 45 Karlin's and Casella's complexes contain three-coordinate copper sites and rather soft heterocyclic nitrogen ligands, forming six-membered ring metallocycles, but Tolman's complexes contain four-coordinate copper ions and hard aliphatic amine nitrogen ligands. A direct structure-oxygenation rate correlation on these complexes appears to be thus unpredictable. O 2 binding in these complexes leads to µ-η 2 :η 2 peroxo dicopper type of species, and unlike 1BArF, the reaction is reversible. On the other hand, mononuclear copper complexes [Cu
I (AN)]
+ and [Cu I -(MeAN)] + containing aliphatic triamine ligands exhibit different rate laws, and significantly different activation parameters. 33 Interestingly, in these closely structurally related complexes, the second-order dependence of the oxygenation rate on copper complex kinetically requires a fast and leftlying pre-equilibrium (no superoxide intermediate is detected). Negative activation enthalpies further support the proposal that O 2 binding constants result from a combination of rate constants rather than a single rate-determining step.
Finally, it is surprising that xylyl bridged [Cu I 2 (m-XYL MeAN )] 2+ and 1BArF differ by more than 3 orders of magnitude in their oxygenation rates. 9 Kinetic analysis indicates that this difference originates both from a smaller activation enthalpy and a less negative activation entropy. 
